To study the allergenic properties of titanium (Ti), the corrosion behaviors and following metal ions release of Ti and nickel (Ni) in simulated physiological environments were investigated. Anodic polarization tests and accelerated dissolution tests were performed in artificial saliva with and without fluorine, and in artificial sweat. Ti showed good corrosion resistance in the artificial saliva without fluorine even when the passive film was physically destroyed by mechanical wear. The concentration of Ti ions released into the solution showed relatively higher values in artificial saliva with fluorine and in artificial sweat, however, it remained to be below 10 ppm. On the other hand, Ni was not passivated in these solutions and the concentrations of the released Ni ions were about 100 ppm. Thus, Ti can be regarded as a considerably safer material than Ni from the viewpoint of corrosion engineering. The large differences in the corrosion characteristics and metal ion solubility between Ti and Ni under the experimental conditions are discussed.
Introduction
One of the major problems associated with the use of metallic biomaterials is their corrosion. Corrosion reactions, which are unavoidable in metals, cause not only deterioration or fracture of the products but also serious harm to living tissue. In particular, the release of metal ions as a result of corrosion reactions is known to cause metal allergies. 1 Metal allergy is classified as a type IV (cellular immune and delayed type) allergy. Tumefaction and rashes occur from several hours to a few days after contact with the metal ions. In the medical and dental fields, metallic materials are often used inside a living body. In addition, metallic products such as rings and piercing jewelries are commonly used in direct contact with the human skin. Even in recent years, the risk of metal allergy cannot be completely eliminated in our daily life. 2, 3 Nevertheless, metallic biomaterials are commonly used in the fields of medicine and dentistry because of their superior mechanical properties: an excellent combination of strength and ductility, resulting in high fracture toughness can not be substituted by other materials. Therefore, highly corrosion-resistant metals and alloys are used for implant devices. Their superior corrosion resistance results from the formation of a passive film on the surface of the metal. However, in the case of dental materials in the oral cavity, they are subjected to physical impact and friction by occlusal pressure of articulation. The passive film may be physically destroyed by in the actual environment. Therefore, severe friction and wear must be simulated in order to make a meaningful evaluation of metal ion release and allergenic properties in a practical environment.
Titanium (Ti) shows exceptional corrosion resistance, low cytotoxicity, and good hypoallergenic properties compared to other metallic biomaterials; it is generally recognized as a completely biosafe metal. Thus, Ti and its alloys are widely used as implants in both medical and dental applications. However, some cases of suspected metal allergic reactions caused by Ti have been reported in recent years. 4, 5 It is still unclear whether Ti is allergenic because a definitive diagnostic procedure has not been established. There are many literatures about the corrosion resistance of Ti as biomaterials. However, very limited information is available concerning the concentration of the released Ti ion as a result of the corrosion reaction of Ti implants in the physiological environment. The information about the concentration range of the released metal ions is quite important for development of diagnostic reagents such as a patch testing. [6] [7] [8] Thus, investigation of the corrosion behavior and following release and accumulation of Ti ions under conditions that simulate the actual oral environment is essential for a meaningful evaluation of its allergenic properties. The goal of our research is to determine the allergenic property of Ti from the viewpoints of corrosion engineering and biological evaluations. Prior to the biological evaluation, we focused to gather information about the actual concentration range of the metal ions released from metallic biomaterials. In this study, we developed a new dissolution test method by simulating continuous mechanical wear to more accurately investigate the release of Ti ion. In addition, a conventional evaluation method for the corrosion resistance of Ti was also performed. Nickel (Ni), which is a prominent allergenic metal, 9, 10 was used to compare the results. 
Specimen preparation
Specimens were prepared from rods of commercial pure Ti (Grade 2, Rare Metallic Co., Tokyo, Japan) and pure Ni (99.9%, The Nilaco Corp., Tokyo, Japan). The diameters of the Ti and Ni bars were 8.0 mm and 10.0 mm, respectively. Specimen disks were prepared by cutting the rods. The specimen surfaces were mechanically ground with #800 grit SiC abrasive paper, and the specimens were then ultrasonically cleaned in acetone and ethanol.
Test solutions
In this study, three test solutions were prepared with ultra-pure water (18.2 M³ cm) and reagent-grade chemicals; these included two artificial saliva solutions and one artificial sweat solution. The compositions of the artificial saliva solutions and their pH values are summarized in Table 1 . Several types of artificial saliva have been reported in the literature; 11 in our study, a solution including sodium sulfide and urea was prepared, with the composition reported by Fusayama. 12 Fluorine is known to cause extensive Ti corrosion and which is commonly used for the purpose of caries prevention. 13 The rate of corrosion of Ti is well-known to be accelerated in the presence of fluorine. [14] [15] [16] Therefore, a solution with 0.2% of sodium fluoride added to the artificial saliva was also prepared for the evaluation of titanium (This corresponds to 900 ppm of fluoride ion). The initial pH of both artificial salivas in this study was 4.9. Artificial sweat was also prepared because metal allergies can also be caused by skin contact. In the composition of the artificial sweat in this study (Table 2 ), a few organic components were employed, including lactic acid and urea, that are general components of simulated perspiration for testing of clothing. [17] [18] [19] In addition, the pH was adjusted to 3.5 to accelerate the corrosion reaction as much as possible.
Anodic polarization test
An anodic polarization measurement (linear sweep voltammetry) was performed with a potentiostat (HABF-501G, Hokuto Denko Corp., Tokyo, Japan) and a function generator (HB-111, Hokuto Denko Corp., Tokyo, Japan). A saturated calomel electrode (SCE) and a Pt-black electrode were used as a reference electrode and a counter electrode, respectively. The specimen was fixed in a polytetrafluoroethylene (PTFE) holder. The exposed area contacting the electrolyte was 0.278 cm 2 (5.95 mm in diameter). Details of the working electrode are described elsewhere. 20 After immersing the specimens into the test solution at 37°C, the open circuit potential (OCP) was measured for 10 min. Thereafter, the gradient anodic potential was applied at a constant sweep rate of 1 mV s ¹1 from OCP to 2 V SCE .
Accelerated dissolution test
A new test system for producing continuous wear and for accelerated dissolution on metal specimens immersed in simulated body fluids was designed for this study, and is shown in Fig. 1 . The metal specimens were bonded to the bottom of a Petri dish and placed in a perfluoroalkoxy alkane (PFA) container, the bottom of which was uniformly covered with zirconia beads. The container was tightly sealed after pouring in 20 mL of the solution, then it was rotationally shaken on a shaker. The apparent pressure on the specimen surface was adjusted to 4 kPa with a Ni-alloy weight. The rotation speed was adjusted to 80 rpm to maintain stable and continuous rotation without spilling the solution into the dish. Using this experimental system, the passive film on the metal surface is continuously destroyed, consequently metal-ion release into the simulated body fluid is accelerated, providing more practical information about possible metal ion concentrations in the oral cavity. The concentration of dissolved metal ions was measured using an inductively-coupled plasma atomic spectrometer (ICP-AES, ICPS7000 ver.2, Shimadzu Corp., Kyoto, Japan). Standard solutions of Ti and Ni with concentrations of 0.01 ppm, 0.1 ppm, and 1 ppm were prepared using the test reagents for atomic absorption spectroscopy (Ti 1000 and Ni 1000, Kanto Chemical Co., Inc, Japan) and ultra-pure water. When the concentration of Ni ion in the tested solution exceeded 1 ppm, the solution was diluted by a factor ranging from 10:1 to 1000:1, followed by re-measurement and mathematical correction. Figure 2 shows the polarization curves resulting from the anodic polarization tests of Ti in artificial saliva with and without NaF. In both solutions, passive regions clearly appeared at the higher applied potential region of the curves. The passive film remained stable until 2 V SCE which was set as the final potential for the measurement. However, the corrosion potential and the passive current density were both changed by the presence of fluorine. A less noble 
Results

Anodic polarization test
corrosion potential and a higher passive current density mean that the corrosion reaction of Ti was accelerated in artificial saliva with NaF. This must be attributed to the effect of fluorine, which promotes the dissolution of surface oxide or hydroxide and weakens the passive film of Ti. Figure 3 shows the polarization curve of Ti in artificial sweat. The shape of the polarization curve was almost the same as the curve with NaF-free artificial saliva shown in Fig. 2 . Because the artificial sweat did not contain fluorine, the passive film of the Ti was stable and maintained good corrosion resistance even at the lower pH value of 3.5. Figure 4 show the polarization curves resulting from the anodic polarization tests of Ni in artificial saliva without NaF and artificial sweat, respectively. Unlike the test results of the Ti, the polarization curves of Ni showed a typical shape indicating three regions: an active dissolution state, a passive state, and a transpassive state. The exchange current density was about 100 times higher than that of Ti. Ni did not seem to be passivated in these simulated body fluids; Ni had to actively dissolved. There was almost no difference between the passive current density of the passive state region for the two kinds of simulated body fluids; there was also almost no difference in the breakdown potential in the transpassive region. On the other hand, the peak current densities in the active dissolution region were 1.89 © 10 ¹3 A cm ¹2 and 1.81 © 10 ¹4 A cm ¹2 in the artificial saliva and the artificial sweat respectively. In other words, the artificial saliva was a more corrosive environment for Ni than the artificial sweat. Figure 5 shows the results of the accelerated dissolution tests of Ti in artificial saliva with and without NaF. The amounts of Ti ion released into the artificial saliva increased initially with time and then maintained a constant level. When the artificial saliva contained fluorine, the dissolution of the Ti was considerably accelerated, and the ion concentration reached 2.03 ppm. About 2 ppm of Zr ion was also detected only the artificial saliva with NaF was used as test solution because of the slight dissolution of zirconia balls. Therefore, the value of Ti ion concentration in the artificial saliva with NaF may be underestimation. In either case, this result follows the same trend as the polarization curves shown in Fig. 2 . Figure 6 shows the result of accelerated dissolution tests of Ti in artificial sweat. The amounts of Ti ion released in artificial sweat also increased with time, just as in the case of the artificial saliva (Fig. 5) . Even though the artificial sweat did not contain fluorine, the final concentration of Ti reached 2.82 ppm and was higher than that in the artificial saliva containing fluorine. As shown in Fig. 3 , Ti was quite stable with low passive current density in the artificial sweat when it was not subjected to wear. In other words, we confirmed that the metal ion release of Ti could be drastically accelerated by wear as well as by the chemical effect of fluorine. Figure 7 show the results of the accelerated dissolution test of Ni in artificial saliva without NaF and artificial sweat, respectively. The concentrations of Ni ions in both simulated body fluids showed about 50 to 2000 times higher values than those of Ti. The ion Electrochemistry, 83(12), 1048-1052 (2015) concentration of Ni reached 138.0 ppm in the artificial sweat, and a slight color change of the solution to green could be observed. These experimental results demonstrate that the degree of dissolution and accumulation of Ni ions under simulated physiological conditions was severer than that of Ti. All of the experimental results of the accelerated dissolution tests are summarized in Table 3 .
Accelerated dissolution test
Discussion
In this study, we conducted a special dissolution test in which the specimen surface was subjected to continuous wear to physically destroy the passive film. From Table 3 , in artificial saliva (without NaF) with approximately neutral initial pH, Ti ion concentration reached a maximum of 0.04 ppm even though the barrier effect of the passive film on the substrate was eliminated by wear. This concentration level was very small, and close to the detection limit of the ICP-AES. When 0.2% of NaF (900 ppm of fluoride) was added to the artificial saliva, the protective effect of the passive film on Ti was weakened; as shown in Fig. 2 , the Ti ion concentration in the resulting solution increased to over 50 times that under the fluorine-free condition. Similarly, the concentration of the Ti ions drastically increased when the artificial sweat with a lower pH than the artificial saliva was employed. From Fig. 3 , there was almost no difference between the polarization curves of Ti in the artificial saliva without NaF and in the artificial sweat. Thus, the barrier effect of the passive layer on Ti was not influenced by the pH and composition of the solution at static immersion condition. However, when the passive layer was physically destroyed by wear, Ti ion concentrations showed drastic change over 70 times between two solutions. It can be considered that the repassivation process of Ti was hindered in artificial sweat with lower pH, permitting Ti ion release to the solution.
The concentrations of Ni ions were 50 to 2000 times higher than those of Ti under all experimental conditions. The polarization curves of Ni (Fig. 4) , show that Ni was not passivated in these solutions so that it remained in an active dissolution state. Furthermore, the Ni ion concentrations in both solutions rapidly increased and then saturated after ten hours. This phenomenon may be explained by a pH change during the test period. When a metal ion is released from the metallic state by a corrosion reaction, the following anodic reaction occurs.
ðSometimes followed by formation of complexesÞ
At the same time, the following cathodic reactions must occur to maintain total electroneutrality.
ðNeutral to alkaline solution with open-air conditionÞ
All of the cathodic reactions are involved in alkalinization. Therefore, metal ion release always accompanies the alkalinization of the solution. The pH values after the dissolution test (see Table 3 ) increased under all conditions except for the case of Ti in artificial sweat, thus, alkalinization has been experimentally confirmed. Figure 8 presents a schematic model of the transitions of pH and metal ion concentration during the accelerated dissolution test. The saturation concentration of the metal ion, which can exist in a solution, is determined by the solubility product constant, and is significantly influenced by solution pH. Generally, alkalinization of the solution reduces the saturation concentration of metal ions. Therefore, if the increases in the metal ion concentration and pH rise are simultaneous, a saturation state is finally encountered at the critical point. In such a situation, the ion concentration and the pH of the solution no longer change. Even metal ions are newly formed after the critical point by wear, solution pH must be maintained because hydrolysis reactions of the metal ions yield the protons. Thus, only the precipitation of the corrosion products like metal hydroxide or oxide progresses without change in solution composition and pH. In this way, the maximum concentration of metal ions that can accumulate in the solution is mainly influenced by the pH of the solution and the kind of metal species. There is a great difference between Ni and Ti: Even if a passive film is destroyed by wear and friction, release to the solution is substantially inhibited by the repassivation process. Thus, the accumulation rate of Ti ions in the solution is relatively slow. In addition, the solubility of the Ti ion is sufficiently small so that it precipitates without remaining in the solution at the neutral pH condition. On the other hand, Ni does not form a passive film in the simulated body fluids used in this study, and metal ion release to the solution is more active. Furthermore, the saturated concentration of Ni ions which can exist in the solution is relatively high even the solution pH rises to neutral. Therefore, Ti and Ni showed a large difference in the ion concentrations that accumulated in simulated body fluids. In other word, the possibility of the contact with high concentration of Ti ion is much rarer than that of Ni ions even in our daily life. This fact may attribute to excellent biosafety of Ti. A relationship between metal allergies and corrosion engineering may be potentially explained to some extent. In this study, we developed a new method to evaluate metal ion release into the solution under wear conditions simulating the actual physiological environment. This experimental technique can be applied to other metal elements (e.g. Nb, Ta, Zr, Mo) whose allergenic properties have not been well-investigated. However, more detailed analyses based on biological evaluation, for example, in vitro and in vivo and clinical tests are necessary to determine the allergenic properties of Ti. Therefore, we are now evaluating the sensitizing properties of metal ions by an in vitro method using human monocytic cells. 21, 22 The information provided from this research may be utilized as an important starting point to estimate the allergenic properties of metallic biomaterials.
Conclusion
In this study, we performed a newly-developed dissolution test simulating clinical conditions, in addition to a conventional corrosion resistance evaluation test to consider the difference in allergenic properties between Ti and Ni. The following conclusions were reached.
• Ti showed excellent corrosion resistance in artificial saliva that did not contain fluorine, even when the passive film was continuously broken by wear.
• In the case of artificial sweat, the release of Ti ions was promoted at the same level as the case of artificial saliva containing fluorine.
• Ni was not passivated in the tested environments, and the Ni ion concentrations released into the solutions were much higher than those of Ti.
• The concentration range of the released Ti ions from medical devices is estimated to be less than 10 ppm whereas that of Ni ions exceeds 100 ppm. Electrochemistry, 83(12), 1048-1052 (2015) 
